1. Introduction {#sec1}
===============

Cotton leaf curl disease is a major threat to cotton crop throughout South Asia and Africa [@bib1]. This infection is caused by a single-stranded deoxyribose nucleic acid (ssDNA) monopartite begomovirus i.e., cotton leaf curl virus and associated satellite molecules. This virus is a member of family *Geminiviridae* and associated with two satellites i.e., betasatellite and alphasatellite [@bib2]. Cotton leaf curl Multan betasatellite (CLCuMuB) is a member of a recently proposed family *Tolecusatellitidae* from genus Betasatellite [@bib2]. The genome of betasatellites is comprised of a single ßC1 in the complementary sense orientation, an adenine rich (A-rich) region and a satellite-conserved region (SCR). ßC1 gene encodes a protein having numerous functions, mainly acts as suppressor of post transcriptional gene silencing (PTGS) [@bib3]. It is also involved with development of infection in plant and in increasing the level of viral DNA [@bib4].

ßC1 is involved in intracellular transport of proteins by co-restricting with the endoplasmic reticulum in cell [@bib5]. ßC1 also interfere with autophagy related ubiquitin like protein (ATG8) [@bib6]. It interacts with various proteins in the cell like carboxyl methyl transferase, retinoblastoma-related protein, receptor kinases, salicylic acid, ubiquitin-conjugating enzyme and ATP binding cassette (ABC) transporter proteins [@bib7] proposing a significant part of ßC1 for infection progression and movement.

Flavonoids are poly-phenolic compounds present in plants, animals and bacteria [@bib8]. In plants these compounds are responsible for growth and development of seedling, aroma of flowers [@bib9], color [@bib10], fruit to attract pollinators consequently fruit dispersion and spore germination [@bib11]. Flavonoids also help to protect plant from a biotic and biotic stresses [@bib12]. Up-till now more than 6500 different flavonoids have been discovered [@bib13] from different plant species. Flavonoids play a vital role in the interaction between the plants and their environment [@bib14]. The precursor of all flavonoids is phenylalanine and malonyl-CoA and all flavonoids are produced from a parent structure flavones present in the cell [@bib15]. The enzymes involved in biosynthetic pathway of flavonoids belong to different families like oxoglutarate dependent dioxygenases, cytochromes P450 and glycosyl transferases [@bib14]. Flavonoids perform a critical role as signaling molecules in plant micro-organism interactions [@bib16]. Flavonoids act as detoxification agents, scavenge ROS, H~2~O~2~ and toxic metals [@bib17]. These compounds also reduce radiation stress [@bib18]. Flavonoids function as phytoalexins, the chemicals that are produced in plants in response to the infection of microorganism \[[@bib19], [@bib20]\].

The function of flavonoids in defense mechanism against bacterial attack has been explored recently [@bib21], but their role in plant defense against viral infection specially ssDNA plant viruses has not been studied yet. In the present study we have performed computational analysis based on docking method to find out the binding of flavonoids with viral pathogenicity determinant ßC1 protein from cotton leaf curl Multan virus.

2. Materials and methods {#sec2}
========================

2.1. Sequence, domain and motif analysis {#sec2.1}
----------------------------------------

The protein sequence of ßC1 was downloaded from NCBI using accession number HF567946. The physicochemical properties like amino acid composition, theoretical isoelectric point (pI), molecular mass, atomic composition, extinction coefficient, instability index, estimated half-life, and aliphatic index were obtained by ProtParam from EXPASY server ([www.expasy.ch/tools](http://www.expasy.ch/tools){#intref0010}) [@bib22]. For domain and motif analysis tools like NCBI CDD [@bib23], Interproscan [@bib24], Smart [@bib25], Pfam [@bib26] and Motif scan [@bib22] were used.

2.2. Homology modeling {#sec2.2}
----------------------

Three-dimensional structure of ßC1 protein was not available in Protein Data Bank therefore homology modeling [@bib27] was used to obtain the three dimensional structure of ßC1 protein. The templates were selected from template identification wizard of Swiss model [@bib28]. The template structure and protein alignment was done utilizing Modeller v9.19 software using align2d facility of Modeller [@bib29]. The output file was obtained in PIR format that was used to construct models of ßC1 proteins by Modeller v9.19. The model built was then subjected to energy minimization with the MOE software. Model quality was evaluated by using ProSA-web Z-score [@bib30], Errat, and verified by 3D Qmean plot [@bib31]. Ramachandran plot was obtained by PROCHECK [@bib32] for model evaluation. Additionally, Root Mean Squared Deviation (RMSD) was obtained by the superimposition of query and template structure, by UCSF Chimera 1.11.2 [@bib33].

2.3. Docking analysis {#sec2.3}
---------------------

Docking analysis was performed using the MOE (Molecular Operating Environment) software [@bib30]. The structures of ligands were obtained from chebi (<http://www.ebi.ac.uk/chebi/>) in .mol format. These structures were modified by the addition of hydrogen atoms and energies were minimized using following parameters Force field: MMFF94X, Chiral constrain: Current geometry, Gradiant: 0.05. Best model obtained from modeler was used for docking analysis. The structure of protein was subjected to 3D protonation and energy minimization using following parameters Force field: MMFF94X + Solvation, Chiral constrain: Current geometry, Gradiant: 0.05. This minimized structure was then used as receptors in docking analysis. The active site of protein was found by site finder module of MOE. Docking was run with default parameters of MOE. Free energies of binding of each ligand structure from a given orientation were obtained by MOE docking score.

2.4. Calculations of ligand interactions {#sec2.4}
----------------------------------------

The ligand interactions were calculated by Ligand Interaction module of MOE Program (<https://www.chemcomp.com/MOEMolecular_Operating_Environment.htm>). It incorporates two-dimensional and three-dimensional representations of ligand and receptor protein interactions and calculated distances among ligand and protein interacting atoms.

3. Results {#sec3}
==========

3.1. Physicochemical properties and sequence analysis {#sec3.1}
-----------------------------------------------------

The physicochemical parameters were calculated from Protparam (<https://web.expasy.org/protparam/>). These results indicated that molecular weight of ßC1 protein is 13.664 KDa. Theoretical isoelectric point (pI) is 4.86, which showed that protein is acidic in nature. Total negatively charged residues were 18 while total positively charged residues were 11. Thus the net charge on protein was negative. The extinction coefficient value was 7450. *In-vitro* half-life was calculated as 13 hours. While instability index value calculated as 42.26 showing that the protein was quite unstable and short lived in the cell.

3.2. Results of homology modeling {#sec3.2}
---------------------------------

Ten models were generated by means of Modeller v9.19 (<https://salilab.org/modeller/>). For template search Swiss model was used. The template used to build the model of ßC1 was a protein from Protein Data Bank with ID:1IVZ, which has sequence similarity of 71.4% with ßC1. The minimum similarity required for template selection in homology modeling is 30%. The alignment between template and model along with secondary structure is shown in ([Fig. 1](#fig1){ref-type="fig"}). The best model was selected on the basis of model evaluation tools, ProSA-web Z-scores and RAMPAGE Ramachandran plots ([Fig. 2](#fig2){ref-type="fig"}). Template model superimposition was done by UCSF Chimera v1.11.2 software showed root mean square deviation value of 0.223 Å, proven a high level of similarity. Ramachandran plot was obtained from RAMPAGE presented that 90% of amino acids were in most favored region ([Fig. 2](#fig2){ref-type="fig"}). The best model ([Fig. 3](#fig3){ref-type="fig"}) was deposited to Protein Model Database and following PMID: PM0081495 was obtained. According to this model the predicted 3-D protein structure contains three alpha helices (red color), four beta pleated sheets in yellow color and four coiled regions in white color ([Fig. 3](#fig3){ref-type="fig"}). The predicted model was used for further docking analysis.Fig. 1Alignment of template protein i.e., 1IVZ and ßC1 protein along with secondary structure units. ß1-ß7 are beta-pleated sheets, α1-α3 are three alpha helices and three coiled regions (TT).Fig. 1Fig. 2Ramachandran plot for the model of ßC1 protein showing 98% residues in most favored, 2% in allowed region while 1% residues in outlier region.Fig. 2Fig. 3Three dimensional model of ßC1 Protein; showing three alpha helices in red color, four beta pleated sheets in yellow color and four coiled regions in white color.Fig. 3

3.3. Docking analysis {#sec3.3}
---------------------

For docking analysis active site of ßC1 was obtained by site finder in MOE ([Fig. 4](#fig4){ref-type="fig"}). Docking analysis of ßC1 was done by MOE Simulate module. The best model chosen from homology modeling was subjected to docking run. The stringency parameters used for docking were Placement: Triangular Matcher, Rescoring function 1:London dG, Retains: 10. 140 flavonoid structures were used as ligand for docking examination. Docking analysis provided a number of configurations that were scored to determine favorable binding modes. Ten flavonoid structures presenting high scores of docking than previously reported data \[[@bib34], [@bib35]\]were shown in [Fig. 5](#fig5){ref-type="fig"}. The docking scores and plant sources of each flavonoid are shown in [Table 1](#tbl1){ref-type="table"}.Fig. 4Position of active site in ßC1 three-dimensional protein structure; The region with small red and grey balls showing the active site.Fig. 4Fig. 5Flavonoid structures showing best results of docking analysis; a) robinetinidol-(4alpha,8)-gallocatechin, b) quercetin 7-O-beta-D-glucoside, c) Swertianolin, d) 3′,4′,5-trihydroxy-3-methoxyflavon-7-olate, e) Agathisflavone, f) catiguanin B, g) 3′,4′,5,6-tetrahydroxy-3,7-dimethoxyflavone, h). quercetin-7-O-\[alpha-L-rhamnopyranosyl(1-\>6)-beta-D-galactopyranoside\], i) prunin 6″-O-gallate, j) luteolin 7-O-beta-D-glucosiduronic acid.Fig. 5Table 1Selected flavonoid molecules downloaded from chebi (<http://www.ebi.ac.uk/chebi/>) showing maximum docking score.Table 1Flavonoid no.Chebi IDNamePlant sourcesDocking score (Kcal/mol)168332Robinetinidol-(4alpha,8)-gallocatechinAcacia−18.613228529Quercetin 7-O-beta-D-glucosideGalinsoga parviflora\
Galinsoga quadriradiata−18.433365478SwertianolinSwertia chirayita\
Swertia macrosperma\
Gentiana campestris−17.7014579283′,4′,5-trihydroxy-3-methoxyflavon-7-olateChrysosplenium americanum−17.65352512AgathisflavoneCanarium manii−17.476665602Catiguanin BTrichilia catigua−17.2797277673′,4′,5,6-tetrahydroxy-3,7-dimethoxyflavoneLobelia chinensis\
Trigonostemon reidioides−17.167870147Quercetin-7-O-\[alpha-L-rhamnopyranosyl(1-\>6)-beta-D-galactopyranoside\]Grevillea "Poorinda Queen"−17.116973787Prunin 6″-O-gallateMatricaria recutita−17.1281018128Luteolin 7-O-beta-D-glucosiduronic acidThymus vulgaris\
Tanacetum parthenium−16.844

3.4. Calculation of ligand interaction {#sec3.4}
--------------------------------------

Interactions of ßC1 protein with flavonoids were obtained by MOE program. These flavonoid- ßC1 interaction studies provided us information about each atom of ligand and protein involved in this interaction. Depicted view of 3D interaction is shown in [Fig. 6](#fig6){ref-type="fig"}. Flavonoid 1 formed an interaction with three amino acids of viral protein. Arene cation link with amino acid Lys 78 and side chain donor link Glu 43 and Tyr 48 with in the active site ([Fig. 7](#fig7){ref-type="fig"}a). Flavonoid 2 formed the interaction with two amino acids of viral protein (Glu 43 and Asn 98) with in active site ([Fig. 7](#fig7){ref-type="fig"}b). Flavonoid 3 formed a side chain donor link with Ile 27 and Met 29 ([Fig. 7](#fig7){ref-type="fig"}c). Flavonoid 4 formed hydrogen bonding with Glu 43, Tyr 48 and Ile 93 ([Fig. 8](#fig8){ref-type="fig"}a). Flavonoid 5 formed interaction with Glu 43 and Tyr 48 ([Fig. 8](#fig8){ref-type="fig"}b). Flavonoid 6 formed the interaction with Tyr 48 Glu 43 and Leu 94 ([Fig. 8](#fig8){ref-type="fig"}c). Flavonoid 7 interacted with Glu 43 and Leu 94 ([Fig. 9](#fig9){ref-type="fig"}a). Flavonoid 8 formed interaction with Tyr 48 and Glu 43 ([Fig. 9](#fig9){ref-type="fig"}b). Flavonoid 9 has shown an interaction with amino acid Glu 43 and Asn 98 ([Fig. 9](#fig9){ref-type="fig"}c). Flavonoid 10 formed interaction with Glu 43 and Asn 98 ([Fig. 9](#fig9){ref-type="fig"}d).Fig. 63D view of docking of ßC1 with reacting region of robinetinidol-(4alpha,8)-gallocatechin. The values i.e., 92%, 69% and 57% show the binding strength of hydrogens present in flavonoid and side chains of active site of ßC1 protein.Fig. 6Fig. 72D interaction diagram, showing the interacting flavonoid atoms with specific residues in active site of ßC1 protein. Dotted lines are showing specific interaction. a) robinetinidol-(4alpha,8)-gallocatechin, b) quercetin 7-O-beta-D-glucoside, c) Swertianolin.Fig. 7Fig. 82D interaction diagram, showing the interacting flavonoid atoms with specific residues in active site of ßC1 protein. Dotted lines are showing specific interaction. a) 3′,4′,5-trihydroxy-3-methoxyflavon-7-olate, b) Agathisflavone, c) catiguanin B.Fig. 8Fig. 92D interaction diagram, showing the interacting flavonoid atoms with specific residues in active site of ßC1 protein. Dotted lines are showing specific interaction. a) 3′,4′,5,6-tetrahydroxy-3,7-dimethoxyflavone, b) quercetin-7-O-\[alpha-L-rhamnopyranosyl(1-\>6)-beta-D-galactopyranoside, c) prunin 6″-O-gallate, d) luteolin 7-O-beta-D-glucosiduronic acid.Fig. 9

4. Discussion {#sec4}
=============

ßC1 is a multifunction protein encoded by a betasatellite molecule associated with majority of Old World begomoviruses causing diseases in many crop plants [@bib5]. Plant defense against viruses, include many mechanisms such as RNA interference (RNAi), ubiquitous antiviral defense, DNA methylation, hypersensitive response, systemic acquired resistance response and production of plant secondary metabolites [@bib2]. The flavonoids compounds are known to produce under stress condition in plants [@bib8]. Flavonoids are being utilized as a part of traditional Eastern medicine, having anti-inflammatory, antioxidant, anti-tumor and anti-proliferative activities \[[@bib36], [@bib37], [@bib38]\]. The antiviral effect of naturally occurring flavonoids against human viruses like herpes simplex virus type 1 (HSV-1), polio-virus type 1, para-influenza virus type 3 (Pf-3), and respiratory syncytial virus (RSV) has been well established [@bib39]. In our study we have analyzed the interaction of plant flavonoids with pathogenicity determinant viral protein ßC1 by computational based docking method. For docking analysis we need three-dimensional structure of protein. The structure of ßC1 protein was not determined experimentally so we developed model of this protein by homology modeling method as this method is recognized as most appropriate for protein modeling. The computer generated model of ßC1 was then evaluated by different online servers for its quality and stereochemistry. Protein structure in .pdb format is used for docking analysis. In docking analysis the binding energy of a compound and best pose of molecule for the binding with protein is predicted. In the present study, our focus was to find out the role of natural flavonoids against the viral protein ßC1. For this purpose, more than 100 flavonoid structures that are naturally produced by the plant downloaded from chebi. Then these flavonoids were virtually screened against the ßC1 protein through MOE software. Finally the ten flavonoids i.e., robinetinidol-(4alpha,8)-gallocatechin, quercetin 7-O-beta-D-glucoside, swertianolin, 3′,4′,5-trihydroxy-3-methoxyflavon-7-olate, agathisflavone, catiguanin B, 3′,4′,5,6-tetrahydroxy-3,7-dimethoxyflavone, quercetin-7-O-\[alpha-L-rhamnopyranosyl(1-\>6)-beta-D-galactopyranoside\], prunin 6″-O-gallate and luteolin 7-O-beta-D-glucosiduronic acid, were obtained as potential inhibitor of ßC1 on the basis of best docking scores against the active site of ßC1. Previously these flavonoids were known to have alpha amylase and lipase inhibitory activity [@bib40], antioxidant activity inhibits reactions brought about by dioxygen or peroxides [@bib41], acetylcholinesterase and monoamine oxidase inhibitory activities [@bib42], enzymatic activity [@bib43], heptoprotective activity [@bib44], antioxidant activity [@bib45]. Flavonoids 3′,4′,5,6-tetrahydroxy-3,7-dimethoxyflavone and prunin 6″-O-gallate have some unknown function. Flavonoids quercetin-7-O-\[alpha-L-rhamnopyranosyl(1-\>6)-beta-D-galactopyranoside\] and luteolin 7-O-beta-D-glucosiduronic acid have antimalarial activity [@bib46], and radical scavengers activity respectively [@bib47]. ßC1 protein not only enhances the infection of Cotton leaf curl virus but also involve in the transmission of virus from cell to cell. It interacts with various proteins of host cell machinery so that viral replication in host cells is enhanced resulting in the severity of symptoms. This protein is also involved the suppression of RNA interference machinery [@bib48].

Our study suggests the potential role of flavonoids as inhibitors of ßC1. If more work is done on the flavonoid inhibition studies and finally the flavonoids can be hyper-produce to develop virus resistant crops. This study provided a new horizon for the scientists working on the plant defense mechanism against viruses and engineering resistance against these viruses.

5. Conclusion {#sec5}
=============

Our study provided an insight of structure and interactions of ßC1 protein with plant flavonoids. The role of flavonoids under stress conditions i.e., both biotic and abiotic, is very well documented. This is first time that we are reporting a possible role of plant flavonoids in defense against the begomovirus infection. This information might be interesting to develop resistance against begomoviruses and add new information about plant defense mechanism based on the special compounds produced by the plants.
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